Introduction
The continuous, steady increase in atmospheric CO 2 levels has been linked to climate change, leadingt o, for example, erratic weather patterns and rising ocean temperatures. [1] Slowing down or ideally curbing the rise in atmospheric CO 2 levels will requirec oncurrent implementation of multiple approaches, including switching from fossil-fuel-burning power plants to renewable energy sources;i ncreasing the energy efficiency of buildings;i ncreasingt he fuel efficiency of vehicles or switching to electric vehicles;a nd carbon capturea nd sequestration. [2] Also, addressing the main challenge of implementing renewable sources such as wind and solar,t heir intermittency will require developmento fas calable and broadly deployable means for storage of electricity.
One option to both reduce CO 2 emissions and to provide a potentialm eans for energy storagei st he electroreduction of CO 2 to chemicals that can be stored and transported at scale and used upon demand.
[3] Te chnically,e lectroreduction of CO 2 is analogous to running af uel cell in reverse. The CO 2 reduction reaction takes place at the cathode, while typically the water oxidation reaction( or an alternative reaction like chlorine evolution) takes place at the anode. Over the past few decades, research has mostly focused on the half-reaction of the cathode( i.e.,t he CO 2 reduction reaction). Prior work by Hori et al. has shown that the use of differentm etal catalysts leads to different products. [4] For example, group 1m etals such as Au and Ag lead to carbon monoxide( CO), group 2m etals such as Pb and Sn lead predominantly to formic acid, group 3 metals such as Pt and Fe lead to H 2 ,w hile group 4m etals such as Cu lead to mixtureso fs hort hydrocarbons. Here we focus on catalysts for the selectivep roduction of CO because CO is a key building block for chemical synthesis, for example through the Fischer-Tropsch process whichc an produce various hydrocarbons. [5] To date, someo ft he best performance for the electroreduction of CO 2 to CO has been achievedw ith precious metal catalysts such as silver (Ag) or gold (Au). [3a, 6] Previously, we have reported that under ambient conditions, when using IrO 2 as the anode catalysti na lkaline media (1 m KOH as the electrolyte), ap artial current density for CO as high as 250 mA cm À2 can be achieved in combinationw ith aF aradaic efficiency for CO of 95 %, at energy efficiencies as high as 43 % using ag as diffusion electrode (GDE) covered with ac atalyst layer of Ag nanoparticles. [7] Furthermore, we have shown that Multiple approaches will be neededt or educe the atmospheric CO 2 levels,w hich have been linked to the undesirable effects of globalc limatec hange. by tuning the electrolyte composition (cation, anion, pH, concentration), [8] we can achieve ap artial current density for CO as high as 440 mA cm À2 at energy efficiencies of % 42 %, for the case of using Ag nanoparticles coated GDE as the cathode with an IrO 2 anode and 3.0 m KOH electrolyte. In other work, Dufek et al. have reported as ystem operating at elevated temperaturea nd/orp ressure that produces current densities as high as 350 mA cm À2 in combination with aF aradaic efficiency of 82 %f or CO, specifically,b ut at an energetic efficiency of less than 30 %.
[9] This lowe nergye fficiency is insufficient for an economically viable process, which probably would require an energy efficiency of > 60 %.
[10] Currently no catalysts or electrochemicals ystemsa re known that exhibit sufficient activity (i.e., > 150 mA cm À2 )a tasufficiently low cathode overpotential (< 0.5 V) to ensure high energy efficiencies.P rior experimental and computational studies suggestt hat Au might be ab etter catalystt han the frequently studied Ag. [4, 6c, 11] For example, Au nanoparticles have been shown to exhibit ah ighera ctivity and al ower onset for the electroreduction of CO 2 to CO than Ag.
[6c]
However,A un anoparticles are known to lack stability due to aggregation.
Ac ommon approach to lower the loading of precious metal catalysti st he use of high-surface-area catalysts upports such as carbon black, titanium dioxide, or carbon nanotubes (CNTs). [12] This approach may also improve catalyst stability (e.g.,b yp reventing particle aggregation). Among these various catalystsupports, CNTsp rovide high electrical conductivity, good electrochemical durability,a nd high surface area to support catalystp articles. Catalyst nanoparticles can be deposited on CNTsu sing av ariety of deposition methods including impregnation, ultrasound, sputter deposition, precipitation, and electrochemical deposition. [12] To overcomet heir chemically inert nature,C NTsa re often oxidized using as tronga cid solution (mixture of H 2 SO 4 and HNO 3 )t oi ntroduce COOH andO H groups on the surfacet om ake the surface more hydrophilic, thus enhancing the binding of metal nanoparticles to CNTs. [12, 13] However,t reatmentw ith strong acida lso affectst he durability of CNT-based electrocatalysts. [13] An alternative approach to enhance nanoparticle adhesion that does not involve oxidation with strong acid involves wrapping multi-wall carbon nanotubes (MWNTs) with thin (< 1nm) polymericl ayers of polybenzimidazole (PBI) and pyridine-containingp olybenzimidazole (PyPBI)t hat can providen ucleation sites for the in situ growth of metal nanoparticles. [13, 14] Although the polymers by themselves are not electronically conductive, the sub 1nm thickness ensuresa ne lectronic contact between the MWNTs and metal nanoparticles via quantum tunneling. [15] In prior work, some of us have used the resulting polymer-wrapped MWNTs, on which Pt nanoparticles were deposited, as catalyst for the oxygen reduction reaction( ORR) in both acidic and alkaline fuel cells. [13, 14] Compared to Pt on carbon black or Pt on oxidizedM WNTs, the highly-dispersed Pt nanoparticles (particle size:3.2 AE 0.78 nm) on the polymer-wrapped MWNTsexhibit increasedc atalysta ctivity as ar esult of ah igher electrochemically active surface area (ECSA) while still providing high catalyst stabilitya tl ow Pt loadings (0.45 mg cm À2 ).
Here, we adopt this strategy to obtainahighly active and stable catalyst for CO 2 reduction:A un anoparticles supported on polymer wrapped MWNTs (MWNT/PyPBI/Au,F igure 1). We expect that this approach 1) will ensure al ow loading of Au; 2) will yield surface-bound Au nanoparticles in as ize range that provides ah igh electrochemically active surface area and thus high activity;and 3) will preventAu-nanoparticle aggregation, whichi st ypically observed when they are supported via other methods. For comparison, we also createdasimilar catalyst supportedo np olymer-wrapped carbon black (CB/PyPBI/ Au) and compared its performancei nt he electroreduction of CO 2 to the performance of the MWNT/PyPBI/Au catalyst.
Results and Discussion

Catalyst Synthesis and Characterization
The synthesis procedures of the MWNT/PyPBI/Au and CB/ PyPBI/Auc atalysts as well as the correspondingT EM images are shown in Figure 2 . First, the MWNT/PyPBI (or CB/PyPBI) catalyst support was prepared by suspending the MWNTs( or CB) in as olution of PyPBI in N,N-dimethylacetamide (DMAc). The mixture was sonicated for 4h to ensure uniform wrapping with the PyPBI. The mixture was then filtered, rinsed, and dried under vacuum to yield either the MWNT/PyPBI or the CB/PyPBI catalysts upport. Second, Au nanoparticles were grown in situ on the surfaces of these two catalysts upports. Specifically,t he MWNT/PyPBI (or CB/PyPBI) powder was re-suspended in an ethylene glycol/water mixture ( v / v = 3/2). Chloroauric acid (HAuCl 4 )w as dissolved in the same solventm ixture. Then, the two solutions weremixed in acertain ratio, and upon the addition of sodium borohydride( NaBH 4 )r eduction of Au III to Au 0 was induced, leadingt on anoparticle nucleation and growth of Au particles on the MWNT/PyPBI (or CB/PyPBI) support. The two products were obtained after extensive stirring and filtration. Further detailsa re provided in the Experimental Section and in the Supporting Information (SI). 
Electrochemical Characterization
Electrochemical characterization revealed that the MWNT/ PyPBI/Auo utperformed the CB/PyPBI/Aua sw ell as unsupported Au, and Au supported on carbon black (CB/Au) for the reductiono fC O 2 to CO (Figure 3 ). We performed these tests in a previously reportedm icrofluidic CO 2 electrolysis cell (Figure 1) , [16] using gas diffusion electrodes (GDEs) that were covered with the different catalysts,a ll at identical metal loading (0.17 mg Au cm À2 ), andd epositedu sing an automated airbrush method. [17] The resultsinFigure 3show that under ambient conditions the different Au-based catalysts yield different partial current densities for CO production.T he lowest current densities for CO are found with the Au particles deposited directly onto the GDE surfaces. Increasingly higherp artial current densities for CO are achieved for the Au-based catalysts supportedo nC B( CB/Au), supported on polymer-wrapped CB (CB/ PyPBI/Au), and supported on polymer-wrapped MWNT (MWNT/PyPBI/Au). The polymer wrapping (PyPBI) by itself was found not to significantly affect the selectivity of CO 2 electroreduction, as is evident from the FE CO data for CB/PyPBI/Aua nd CB/Au (Figure 3c ). The MWNT/PyPBI/Au catalysts hows ap artial current density of 160 mA cm À2 for CO production at ap otential of À1.78 Vv s. Ag/AgClu nder ambient conditions (Figure 3a) . In comparison, the CB/PyPBI/Au and CB/Au reach a partial currentd ensity for CO of 90-100 mA cm À2 at similar cathodep otentials, whilea ll other catalysts and control samples exhibited significantly lower current densities.
We also characterized the different catalysts using ac onventional three-electrode electrochemical cell, specifically to determine their electrochemically active (exposed) surfacea reas (ECSAs) by comparing the area of the cathodic Au oxide stripping peak observed for each sample (SI, Figure S2) . [18] The results obtained by these measurements, summarized in Table 1, demonstrate that the MWNT/PyPBI/Au catalyst exhibits the highestE CSA( 23 m 2 g À1 Au), about 25 %h igher than the ECSA obtainedf or the CB/PyPBI/Auc atalyst,a tl east twice as high as the ECSA obtained for the CB/Au catalyst, and % 8t imes higher than the ECSA obtainedf or unsupported Au particles (unsupported Au < CB/Au < CB/PyPBI/Au < MWNT/PyPBI/Au). These increases in ECSA for the different catalysts correspond qualitatively with the trends in the observed relative partial current densities for CO. This suggests that the catalytic performance enhancements observed can be attributed largely to the increase in ECSA when the catalytically active nanoparticles are deposited in an unsupported fashion or on different support materials.
We also measured the reduction activity of the different catalysts and of the support materials without Au using ac onventional three-electrode electrochemical cell in the presence of CO 2 or Argon feed (SI, Figure S3 ). The polymer-wrapped supports (MWNT/PyPBI and CB/PyPBI) exhibit identical performance in Ar and CO 2 ,s uggestingt hat they are unable to reduce CO 2 (Figure S3 a,b) . In contrast, the MWNT/PyPBI/Au catalyste xhibits as ignificantly larger reduction current in the presenceo fC O 2 than in Ar,p resumably due to its high ECSA and its selectivity to form CO ( Figure S3 c-f) .
Figures 3c and 3d show the Faradaic efficiencies for CO and H 2 for the various catalyst samples and controlsd eposited on the gas diffusion electrodes that weret ested in the microfluidic flow cell. At cathode potentials up to À1.5 V( vs. Ag/AgCl), the catalysts exhibit as electivitys imilar to what has been observed previously for unsupported Au. After the onset region (at approximately À1.0 to À1.1 V), the Faradaic efficiency for CO rapidlyc limbs to stable levels of 80-100 %. The electrodes with MWNT/PyPBI/Au as the catalyst exhibit the best selectivity for CO, exceeding 90 %. At cathode potentials exceeding À1.5 V, ad rop in the selectivity for CO is apparent for all Aubased samples.I np art, this can be explained by the increased evolution of H 2 ,w hose production is known to be catalyzed by carbon supports at these potentials. [17] Also, large amountso f gaseous CO and H 2 are produced at these cathode potentials leadingt ot he formation of bubbles in the flow cell, possibly lowering the amount of reaction products that is recorded in the GC analysisoft he product mixture.
Next, we also tested the stability of the MWNT/PyPBI/Au catalyst. The experiments were performed in at hree-electrode cell instead of af low cell to eliminate degradation effectsd ue to the GDL. For these stabilitye xperiments,t he cell potential was held constant at À1.6 Vo ver 26 h. During this time, the catalysts lowly improved in performanceb ya bout 12 %( SI, FigureS4). Ac hange in performance for af reshly prepared electrode such as those used here is not unusual; for example fuel cell electrodes are known to need ac ertain break-in periodb efore their performance levels off. [21] 
Conclusions
In conclusion, the results reported here demonstrate that MWNT/PyPBI has promise as ac atalyst support for Au nanoparticles:T he Au particles grown are small (1-20 nm), well dispersed, and they performw ell in the electrochemical reduction of CO 2 to CO. The maximumc urrent density of 160 mA cm À2 exceeds the performance levels obtained when using CB/ PyPBI/Au, unsupported Au, or Au supported on carbonb lack (CB/Au) catalysts. Furthermore, use of the MWNT/PyPBI support seems to preventd egradation or aggregation of the Au particles, resulting in stable electrocatalytic performance. Although, high levelso fC Oa ctivity were obtained at low Au loadings (0.17 mg cm À2 ), future work could focus on af urther investigation of the effect of loading on catalyst utilization, with the aim of providing more fundamentali nsights (kinetic vs. mass transfer limitations, structurale ffects)i nto electrode design.F urthermore, now that several active, selective, and stable catalysts for CO 2 electroreduction (such as the MWNT/ PyPBI/Aur eported here) are availablei nt he literature, future work should focus on understanding the factors( ion migration, local pH, change in hydrophobicity,e tc.) affecting the stability/durability of catalyst and GDE at industrially relevant current densities (> 100 mA cm À2 ). From am ore general perspective, the approach of wrapping MWNTsw ith ap olymer to obtain ac atalyst support material that stabilizes highly active preciousm etal catalyst particles may also be beneficial for other electrocatalysis applications, for example the reductiono fC O 2 to products other than CO using catalysts other than Au. Moreover,t he polymer-wrapped MWNT-supported Au catalyst reportedh ere may be promising [19] and electricalc harge associatedw ith the integration of the oxide peak between the potential limits of 0.9 to 0.5 V. [18, 20] Threei ndependent trials, each with recaste lectrodes, are factored into each average value reported. for other catalytic reactions known to be catalyzed by Au, for example for low-temperature water gas shift reactions and NO reduction withh ydrocarbons, which are both of industrial relevance.
Catalyst
Experimental Section
Preparation of the MWNT/PyPBI/Au Catalyst
The pyridine-containing polybenzimidazole (poly[2,2'-(pyridine-2,6-diyl)bibenzimidazole-5,5'-diyl]), PyPBI, was prepared using the previously described method.
[14a] To wrap the MWNTs( Nikkiso Co., Ltd.) with PyPBI, 4mgo fP yPBI was dissolved in 20 mL of N,N-dimethylacetamide (DMAc), followed by addition of 20 mg of the MWNTs. The resulting mixture of the MWNTsa nd PyPBI in DMAc was then sonicated for 4h to ensure uniform wrapping of the MWNTsw ith the PyPBI. After sonication, the mixture was filtered using PTFE filter paper (0.2 mmp ore size, Millipore) and rinsed with DMAc twice to remove residual PyPBI, followed by drying overnight under vacuum. The resulting black powder is herein referred to as MWNT/PyPBI.
The synthesis of Au NPs on the MWNT/PyPBI is performed as follows. First, 5mgo fM WNT/PyPBI powder was dispersed in a1 0mL ethylene glycol/water mixture (v/v = 6/4) via sonication for 1h. Second, aq.1.4 mm HAuCl 4 (4.5 mg Au, Wako Pure Chemical Industries, Ltd.) was diluted with 15 mL of an ethylene glycol/water mixture (v/v = 4/1). Next, the MWNT/PyPBI suspension was added into the dilute HAuCl 4 solution to which, after stirring for 5min, 3mLo f 0.1 mm NaBH 4 in water was added. The mixture of MWNT/PyPBI, HAuCl 4 and NaBH 4 ,e thylene glycol and water was continually stirred for 24 ha tr oom temperature under N 2 .T he mixture was then filtered using aP TFE filter paper (0.1 mmp ore size, Millipore) and dried overnight under vacuum. The resulting black powder is herein referred to as MWNT/PyPBI/Au. The MWNT/PyPBI/Au consists of 50 wt. %A ua nd 50 wt. %M WNT/PyPBI as measured using the thermal gravimetric analysis (TGA).
Three-Electrode Cell Operation
High purity water (18 MW)was obtained from aMillipore water purification system. All reagents were analytical grade and used as received. The three-electrode cell experiments were carried out using aC HI nstruments bipotentiostat. The two-compartment electrochemical cell consisted of aA uw ire counter electrode, isolated from the working electrode via af rit, and a" no-leak" Ag/AgCl reference electrode (Cypress), separated from the working electrode by means of aL uggin capillary.E lectrochemical measurements were all recorded and reported versus the Ag/AgCl electrode. The catalysts for the three electrode cell experiments were prepared as follows. Catalyst inks containing the powder catalyst (enough to contain 1.0 mg Au) and Nafion (5 wt %, Aldrich) in am ass ratio of catalyst to Nafion of 30/1 were prepared in 1mLofanisopropyl alcohol/H 2 Om ixture (v/v = 4/1) and sonicated prior to electrode preparation. A1 0mLd rop of the catalyst ink was deposited and dried under flowing Ar on ar otating ring-disk electrode (Pine Instruments), comprised of ap olished (0.05-micron alumina) glassy carbon disk electrode (0.196 cm 2 )w ith aPtring.
Prior to measurements of reduction activity as well as the ECSA measurements, the electrochemical cell was purged with Ar gas. Gas flow was then redirected to maintain Ar flow over the top of the 1 m KCl (! 99.9995 %S igma Aldrich) or 0.5 m H 2 SO 4 (J. T. Baker) electrolyte solution. Data collection under CO 2 first involved purging the electrolyte solution, followed by the reduction of gas flow into the electrolyte solution prior to data collection.
Electrochemical Measurements in aFlow Cell
Preparation of Electrodes: The gas diffusion electrodes were prepared by depositing the catalyst ink onto the Sigracet 35 BC gas diffusionl ayers (GDL, Ion Power) via an air-brush method for the cathode and hand painting for the anode. [17] The preparation of catalyst inks for cathodes is as follows:
1) Au catalysts (MWNT/PyPBI/Au, CB/PyPBI/Au, CB/Au, Au): Catalyst inks containing the powder catalyst (enough to contain 0.17 mg cm À2 Au) and Nafion (5 wt. %N afion solution, Aldrich) in a mass ratio of catalyst to Nation of 30/1 were prepared in 1mLo f an isopropyl alcohol/H 2 Om ixture (v/v = 4/1) as the carrier solvents.
2) Control samples (MWNT/PyPBI, CB/PyPBI): Catalyst inks containing the polymer-wrapped supports (enough to contain 0.19 mg cm À2 MWNT/PyPBI or CB/PyPBI) and Nafion (5wt.% Nafion solution, Aldrich) in am ass ratio of catalyst to Nation of 30/1 were prepared in 1mLo fa ni sopropyl alcohol/H 2 Om ixture (v/v = 4/1) as the carrier solvents.
For the hand-painted anodes, catalyst inks were prepared by mixing 10 mg Pt black (Alfa Aesar) and 6.9 mLN afion solution, and adding 400 mLo fM illipore water and 400 mLi sopropyl alcohol as the carrier solvents. The same anode that was used for all measurements had ac atalyst loading of 4.25 mg cm À2 Pt black. All inks were sonicated for 30 minutes to ensure uniform mixing and were either hand-painted using ap aintbrush or air-brushed using an automated air-brushing deposition setup onto the teflonized carbon side of the GDL to create aG DE covered with catalyst over ag eometric area of 2cm 2 .I mportantly,t he actual catalyst loading of the GDEs (to account for losses during the deposition) was determined by weighing the GDE before and after deposition and was indicated in all Figure captions in the paper.
Cell Assembly: Twoc atalyst-coated GDEs, an anode and ac athode, were placed on opposite sides of a0 .15-cm thick poly(methyl methacrylate) (PMMA) sheet with 0.5-cm wide by 2.0-cm long window (1 cm 2 )s uch that the catalyst layers faced the flowing liquid electrolyte. The geometric surface area used to calculate current density is 1cm 2 .T his three-layer assembly was clamped between two aluminum current collectors with access windows. On the cathode side, an aluminum gas flow chamber supplied CO 2 , while the anode was open to the atmosphere so formed O 2 can escape. The assembly was held together with four bolts with Teflon washers to maintain electric isolation between the electrodes.
Electrochemical Testing Procedures: CO 2 electrolysis experiments were conducted using ap otentiostat (Autolab PG30) at room temperature and ambient pressure. CO 2 gas (S.J. Smith, 100 %) was fed at ar ate of 7sccm. In all experiments, the electrolyte flow rate was 0.5 mL min À1 controlled by as yringe pump (Harvard Apparatus, PhD 2000). The electrolyte was 1 m KCl (Sigma-Aldrich, !99.9995 % pure) in water.M illipore water was used for all electrolytes. Electrolysis cell polarization curves were obtained by steady-state chronoamperometric measurements at different potentials, in which gaseous products, as well as unreacted CO 2 ,w ere collected and injected into an on-line gas chromatograph (Trace GC, ThermoFisher Scientific) equipped with at hermal conductivity detector for quantitative determination of product composition. Specifically,f or the chronoamperometric measurements, the current was allowed to stabilize for 180 sa fter stepping onto ap otential and before the ChemPhysChem 2017, 18,3274 -3279 www.chemphyschem.org gas analysis was performed. Gas samples were analyzed using a triple injection method i.e.,t hree gas injections were made at regular intervals over a1 80 st ime period and the average peak area was used for quantification. The current was also averaged over the 180 st ime period to account for fluctuations due to bubble formation. Individual anode and cathode polarization curves were independently measured using an external Ag/AgCl reference electrode which was ionically connected to the electrolyzer.A ll the potentials reported in this work represent actual readings and were not iR corrected. The Faradaic efficiencya nd partial current density calculations were performed according to the procedure described earlier. [17] 
